Abstract Excessive production and restricted elimination of free radicals like superoxide, hydroxyl radical ( Á OH), anion radical (O 2 Á-), and non-radical hydrogen peroxide (H 2 O 2 ) are related to the development of cancer, arteriosclerosis, arthritis and neurodegenerative diseases. According to a report of World Health Organisation, about 80% of the population living in the developing countries predominantly depends on the traditional medicine for their primary healthcare. Plants possess innate ability to synthesize a wide variety of enzymatic and non-enzymatic antioxidants capable of attenuating ROS-induced oxidative damage. The ethanolic leaf extracts of Syzygium jambos L. and Terminalia citrina Roxb. exhibited a significant in vitro antioxidant activity when compared with natural antioxidant, ascorbic acid. The extracts also provided strong cellular protection against the damaging effects of H 2 O 2 induced oxidative stress in the mutant strains (tsa1D and sod1D) of Saccharomyces cerevisiae. The GC-MS analysis of the leaf extracts revealed the presence of phytoconstituents majorly constituting of terpenes, vitamin and fatty acids contributing to the antioxidant property. The plant extracts may serve as a potential source of exogenous antioxidants to combat the undesirable effects of oxidative stress.
Introduction
In living organisms, reactive oxygen species (ROS) are continuously formed as a by-product of different metabolic process. The balance between the formation and removal of ROS is required to regulate numerous physiological functions such as mitogenic response, signal transduction, and immunity. Antioxidant enzymes involved in oxidative stress responses such as superoxide dismutases (SOD), thioredoxin peroxidase (TSA1), catalase (CAT), and glutathione peroxidase (G-Px) naturally neutralize the excess free radicals (Li et al. 2013) . However, the overproduction of ROS during injury, inflammation, aging, and chronic diseases result in oxidative stress. The oxidative stress damages the cell membrane, proteins, nucleic acid and lipids, consequently contributing to the development of ulcer, diabetes, neurodegenerative diseases, cancer, and rheumatoid arthritis (Oliveira et al. 2016) .
Medicinal plants have attracted enormous attention as a source of natural antioxidants to combat the development and progression of life-threatening diseases, including neurodegenerative and cardiovascular disease (Kasote et al. 2015) . Syzygium jambos L. and Terminalia citrina Roxb. have been traditionally used in the treatment of numerous health disorders and infectious diseases. Syzygium jambos (L.) Alston, commonly known as rose apple is native to Southeast Asia and widely distributed in the north-east region of India. In Indian traditional system of medicine, the decoction of the fruit and leaves are traditionally administered as a diuretic, an expectorant, in the treatment of tooth ailments, sore eyes and in rheumatism. In Indo-China, the flowers are used to reduce fever, and the seeds in the treatment of diabetes, diarrhea and dysentery. The decoction of the bark is believed to relieve asthma and bronchitis. Recent studies have shown that the plant posses significant antibacterial and anti-inflammatory properties (Sharma et al. 2013) . Terminalia citrina (Gaertn.) Roxb. ex Fleming is a plant of extensive ethnomedicinal significance and widely distributed in North East India. The fruit of the plant is used in the treatment of asthma, migraine, dental disorders, hemorrhoids, anemia, chronic fever, diarrhea and other digestive disorders. It is also known to possess antiinflammatory, analgesic, antipyretic and diuretic properties (Akhtar et al. 2016) . Considering their broad spectrum pharmacological properties, the current study was executed to determine the antioxidant efficacy of S. jambos and T. citrina. The in vivo antioxidant property of the ethanolic leaf extracts in response to H 2 O 2 induced oxidative stress was also investigated using wild-type and isogenic mutant strains (tsa1D and sod1D) of Saccharomyces cerevisiae.
Materials and methods

Collection of plant materials and preparation of extracts
Fresh leaves of S. jambos and T. citrina were collected from Palace Compound, Imphal East, Manipur, India. The leaves were washed, shade dried and grounded into a fine dry powder. The plant extracts were prepared by mixing 50 g of the powdered leaves with 250 mL of ethanol in an Erlenmeyer flask. The flasks were kept under agitation at 28°C for 48 h. The extracts were filtered and concentrated to complete dryness. The crude residues obtained was reconstituted in dimethyl sulfoxide (DMSO) and stored at -20°C until further use.
Yeast strains and culture conditions
Saccharomyces cerevisiae wild-type BY4741 and its isogenic mutants, tsa1D and sod1D were kindly provided by Department of Biochemistry and Molecular biology, Pondicherry University, Puducherry, India. The yeast cells were grown at 28°C in YPD broth composed of 1% yeast extract, 2% glucose and 2% peptone.
Antioxidant activity
The plant extracts were diluted to concentrations ranging from 100 to 500 lg/mL. The free radical scavenging activity was determined using 2,2 0 -diphenyl-1-picrylhydrazyl (DPPH) assay as described earlier by Husein et al. (2014) with few modifications. Briefly, 2 mL of DPPH solution (0.2 mM) was supplemented with 100 lL of the plant extract (100-500 lg/mL). The reaction mixture was vortexed and incubated for 20 min, in dark. Ascorbic acid which is involved in the non-enzymatic system of radical scavenging was used as positive control. The optical density was recorded at 517 nm (Husein et al. 2014 ).
Free radical scavenging activity
The ability of the test extracts in scavenging hydroxyl radicals generated by Fenton reaction (Fe 3? -ascorbate-EDTA-H 2 O 2 ) was evaluated according to the method described by Saeed et al. (2012) .
Ferric reducing antioxidant power (FRAP) assay was evaluated as described by Udayaprakash et al. (2015) .
The total antioxidant capacity of the extracts was measured using phosphomolybdate method with ascorbic acid as a standard. An aliquot containing 0.1 mL of the plant extract (100-500 lg/mL) was added to a reagent solution (1 mL) constituting of sulphuric acid (0.6 M), sodium phosphate (28 mM) and ammonium molybdate (4 mM). The reaction mixture was incubated at 95°C for 90 min and the absorbance was recorded at 695 nm. The total antioxidant capacity was interpreted in terms of ascorbic acid equivalent (lg/mL) (Hossain and Shah 2015) .
Antioxidant activity
Owing to the homology between the stress response genes between S. cerevisiae and humans, the wild-type and antioxidant mutant strains (tsa1D and sod1D) of S. cerevisiae were used to investigate the antioxidant activity of the test extracts. The yeast cells were grown up to the first exponential phase (OD 600 = 0.6) in YPD broth at 28°C (Golla and Bhimathati 2014) .
The hydrogen peroxide (H 2 O 2 ) sensitivity assay was performed to evaluate the sensitivity of S. cerevisiae against the oxidative agent. Exponential phase culture of S. cerevisiae, wild-type and mutant strains (20 lL) were serially diluted in a 96 well microtitre plate and spot inoculated on YPD agar plates supplemented with 1, 1.5, 2, 2.5, 3 and 3.5 mM of H 2 O 2. The plates were incubated for 3 days at 30°C and sensitivity of the mutant strains towards increasing concentration of H 2 O 2 was determined. YPDA plates devoid of H 2 O 2 served as control (Subhaswaraj et al. 2017) .
Wild-type and antioxidant mutants (sod1D and tsa1D) of S. cerevisiae were exposed to the plant extracts (500 lg/ mL) and incubated for 2 h. Subsequently, serial dilutions (10 -1 , 10 -2 , 10 -3 , 10 -4 and 10 -5 ) of the yeast cells were made and 4 lL of the culture was spot inoculated on YPD agar plates supplemented with 2.5 mM H 2 O 2 . The plates were incubated for 72 h at 28°C and the growth was observed. The cells treated only with H 2 O 2 serve as a negative control (Golla and Bhimathati 2014) .
For the cell viability assay, S. cerevisiae (wild-type and mutants) were treated with plant extracts (500 lg/ mL) and incubated for 1 h. The broth cultures were further supplemented with H 2 O 2 (2.5 mM) and incubated for 1 h at 28°C. The extract treated and untreated cells were further incubated at 30°C for 18 h and the optical density was recorded at 600 nm (Toussaint and Conconi 2006) .
The free radical scavenging efficacy of the test extracts was determined using fluorescent dye, 2 0 , 7 0 -dichlorofluorescein diacetate (DCF-DA). The plant extracts treated and untreated cells were mixed with 20 lL of H 2 O 2 (1 mM) and incubated for 1 h at 28°C under agitation (1609g). The cells were harvested by centrifugation at 60009g. The harvested cells were washed thrice with 1X phosphatebuffered saline (PBS) and resuspended in PBS containing 0.8 lL of DCF-DA (20 lM). Further, the cells were incubated in dark for 30 min, recollected by centrifugation and washed thrice with PBS. The cell pellet was diluted with 10 lL of PBS, mounted onto a slide and examined using a fluorescence microscope. The relative fluorescent intensity of the samples was recorded at 488 and 520 nm (Wong et al. 2002) .
Phytochemical analysis
The plant extracts were subjected to GC-MS analysis to identify the phytoconstituents. The phytocompounds were identified based on the retention indices and the spectrum obtained in comparison to the National Institute Standard and Technology (NIST-2008) library database (Musthafa et al. 2013) .
Results and discussion
Antioxidant activity
In the living system, excessive production of ROS exerts oxidative damages to the biological molecules like protein, lipid, amino acids and DNA. These damages subsequently result in various chronic and degenerative diseases, such as cancer, diabetes, hypertension, Alzheimers, Parkinsons and coronary heart diseases. Various parts of plants used in the herbal medicine have been documented as a good source of natural antioxidants with wide therapeutic applications (Sahoo et al. 2013) . The ethanolic extracts of S. jambos and T. citrina showed potent antioxidant activity in a dosedependent manner. The significant reduction in the intensity of DPPH solution indicated the free radical scavenging effect of the phytocompounds present in the plant extract. The extracts exhibited an increase in DPPH scavenging activity with a concomitant increase in concentration from 100 to 500 lg/mL (Fig. 1a) . A maximum free radical scavenging activity of 69.91 and 51.34% was observed at 500 lg/mL for S. jambos and T. citrina, respectively. The IC 50 value of S. jambos was 38.73 lg/mL while for T. citrina it was found to be 111.86 lg/mL. The positive control, ascorbic acid exhibited a higher DPPH scavenging activity of 85% at 500 lg/mL with an IC 50 value of 2.83 lg/mL. Hydroxyl radicals (OH Á ) are considered as one of the most reactive species and known to exert damaging effects to DNA, protein, and lipid. The OH Á induced oxidative damage to DNA have been recognized to exert mutagenic effects and aging (Nimse and Pal 2015) . Therefore, the elimination of OH Á radical may be considered as one of the best indicators to detect the antioxidant potential of a compound. The OH Á radical scavenging activity was quantified by measuring the ability of the extracts to compete with 2-deoxyribose for the free radicals generated in the Fenton reaction. The OH Á radical scavenging efficacy of S. jambos and T. citrina extracts at a concentration of 500 lg/mL were found to be 63.54 and 53.75% respectively (Fig. 1b) . Ascorbic acid exhibited OH Á radical scavenging efficacy of 68.55%. The reducing power of a compound is generally corresponds to the presence of reductants, which imparts antioxidant property by giving a hydrogen atom and thereby breaking the free radical chain (Jan et al. 2013 ). The reducing power of a compound is measured by its ability to reduce Fe[(CN) 6 ] 3? , subsequently resulting in an increase in absorbance due to the formation of the Fe[(CN) 6 ] 2? complex. The dose-response curves of plant extracts (100-500 lg/mL) exhibited a gradual increase in reducing power, indicated by the increase in optical density (Fig. 1c) . The extracts of S. jambos and T. citrina showed a significant reducing power of 0.44 and 0.39 respectively, at a concentration of 500 lg/mL. However, the reducing power of ascorbic acid was recorded to be 0.48. Hence, the antioxidant potential could be attributed to the presence of the reductants which resulted in the reduction of Fe 3? to Fe 2? (ferrous) form. The total antioxidant capacity of the extracts was determined using phosphomolybdenum method in terms of ascorbic acid equivalent. A significantly high total antioxidant activity was displayed by the ethanolic leaf extracts of S. jambos and T. citrina. S. jambos exhibited a total antioxidant activity with an ascorbic acid equivalent of 142.32 lg/mL while T. citrina exhibited 83.17 lg/mL, at a concentration of 500 lg/mL (Fig. 1d) . In this study, both the plant extracts registered prominent antioxidant activity in a concentration-dependent manner. However, S. jambos showed higher antioxidant potential in all the in vitro assays. The difference observed in the antioxidant efficacy of the plant extracts may be attributed to the unequal distribution of the antioxidant compounds in the plant extracts.
Determination of in vivo antioxidant activity
Understanding the regulation of cellular redox balance and identifying novel natural antioxidants are of great importance for human health. S. cerevisiae serves as a reliable in vivo model system to identify bioactive antioxidants (Meng et al. 2017 (Li et al. 2013) . Hence, S. cerevisiae mutants deficient in antioxidases (sod1D and tsa1D) were exploited for evaluating the possible antioxidant mechanism of S. jambos and T.citrina. The hydrogen peroxide sensitivity assay was performed to determine the sensitivity of the wild-type and its isogenic mutants (tsa1D and sod1D) of S. cerevisiae against the H 2 O 2 induced oxidative stress and to optimize the concentration of H 2 O 2 for the subsequent assay. It was determined that 2.5 mM concentration of H 2 O 2 induces high cell death in the mutants while no toxicity was observed in the wild-type strains. The H 2 O 2 produces highly reactive hydroxyl radical and proves to be more toxic against the mutant strains, devoid of the ability to produce defense enzymes. It was observed that 500 lg/mL of the plant extract showed no toxicity towards the growth of both the wild-type and rescued the mutant strains against the oxidative damage caused by H 2 O 2 (Fig. 2) . Hence, the determined doses of H 2 O 2 (2.5 mM) and plant extract (500 lg/mL) were used for further assays.
The plant extracts exhibited a significant radical scavenging activity in both sod1D and tsa1D mutants as evident from the spot assay (Fig. 3) . The plant extracts significantly improved the viability of yeast cells under oxidative stress imposed by hydrogen peroxide. The extract treated cells showed a decrease in the susceptibility to oxidative stress and grew normally in presence of the stressing agent (H 2 O 2 ). On the contrary, the viability of the cells was found to decrease in the untreated cells exposed to H 2 O 2 . In an earlier report, a significant increase the survival rates of sod1D mutant strains exposed to H 2 O 2 was observed in presence of Lisosan G, powder of the grain of Triticum sativum (Frassinetti et al. 2012) .
To measure the intracellular ROS generation in the yeast cells, a fluorescence based assay was performed using fluorescent dye, DCF-DA. DCF-DA specifically reacts with H 2 O 2 to produce high fluorescent intensity which corresponds to the intracellular redox level. An increase in fluorescence intensity was observed in cells treated with H 2 O 2 indicating high oxidative stress while a significantly lower fluorescent intensity was observed in both sod1D and tsa1D mutants on treatment with plant extract (Fig. 4) . Frassinetti et al. (2012) also employed DCF-DA to evaluate intracellular ROS in S. cerevisiae. A notable decreased the intracellular ROS level induced by H 2 O 2 in S. cerevisiae D7 strain was observed on treatment with Lisosan G (Frassinetti et al. 2012) .
The decrease in fluorescence intensity in wild-type, as well as mutant yeast strains stressed with H 2 O 2 on treatment with the plant extracts, indicated that the plant Fig. 2 In vivo antioxidant activity of ethanolic extract of S. jambos and T. citrina. a Wildtype and antioxidant mutant (sod1D, tsa1D) of S. cerevisiae grown on YPDA plates; b wildtype and antioxidant mutant (sod1D, tsa1D) of S. cerevisiae grown on YPDA plates supplemented with stressing agent (H 2 O 2 ); b S. jambos treated wild-type and antioxidant mutant (sod1D, tsa1D) of S. cerevisiae grown on YPDA plates supplemented with stressing agent (H 2 O 2 ); c T. citrina treated wild-type and antioxidant mutant (sod1D, tsa1D) of S. cerevisiae grown on YPDA plates supplemented with stressing agent (H 2 O 2 ) Fig. 3 Effect of S. jambos and T. citrina extracts on the cell viability of S. cerevisiae wild-type strain BY4741 and antioxidant mutants (tsa1D and sod1D), in presence of stressing agent (H 2 O 2 , 2.5 mM). Values are represented as mean ± SD (n = 3) extracts substantially neutralize the ROS level generated by H 2 O 2 in the mutant strains (Fig. 5) . The remarkable H 2 O 2 scavenging potential of the plant extract may be attributed to the antioxidant property of the phytoconstituent present in the plant extract. Similar observations were reported by Dani et al. (2008) using S. cerevisiae antioxidant mutants against oxidative stress caused by H 2 O 2 . The antioxidant property of the polyphenols, catechin and resveratrol contributed to the increase in H 2 O 2 tolerance and survival rates of the mutant strains (Dani et al. 2008) .
Hence, the decrease of intracellular ROS and increase in cell viability induced by the plant extracts indicated the to the H 2 O 2 scavenging potential of S. jambos and T.citrina.
Phytochemical analysis
Medicinal plants and their derivatives have played a vital role in the discovery of novel compounds with a wide range of therapeutic properties. Many extracts prepared from plants traditionally used for medicinal applications are known to contain a variety of phytochemicals with antioxidant property. Supplementation of exogenous antioxidants or boosting endogenous antioxidant defenses of the body is a promising way of combating the undesirable effects of oxidative stress (Kasote et al. 2015) . The phytoconstituents present in the ethanolic extract of S. jambos and T. citrina were identified using GC-MS analysis (supplementry Fig. 1 and Fig. 2) . The GC-MS spectra of the ethanolic leaf extract of S. jambos and T. citrina revealed the presence of terpenes and vitamin E in considerably high amount. Vitamin E (a-tocopherol) is a well known lipid soluble antioxidant with the ability to protect cell membranes from oxidation by reacting with lipid radicals generated during lipid peroxidation chain reaction (Nimse and Pal 2015) . The major phytoconstituents present in the plant extracts previously reported for their anti-oxidant property along with their retention time (RT), and concentration (%) are presented in Table 1 . As evident in supplementry Fig. 1 and Fig. 2 , there was relatively more antioxidant compounds present in S. jambos leaf extracts as compared to that of T. citrina which might be responsible for the differential antioxidant activity observed in this study.
The presence of natural antioxidants like phytol, tocopherol and 5-hydroxymethylfurfural in the plant extracts indicated their possible role in providing antioxidant property (Costa et al. 2016; Yamauchi 1997; Zhao et al. 2013) . In addition, the presence of fatty acids i.e. myristic acid and linolenic acid and other terpenes like Squalene and Betulin might have also contributed significantly to the antioxidant potential of S. jambos thereby, protecting the antioxidant mutants of S. cerevisiae against oxidative stress (Gunes 2013; Henry et al. 2002; Palacios et al. 2003; Peng et al. 2015) . Frassinetti et al. (2012) evaluated the antioxidant activity of Lisosan G in S. cerevisiae D7 and SODdeficient yeast strains. It was found that the presence of polyphenols, vitamins, and polyunsaturated fatty acids contributed to the antioxidant and antigenotoxic activity of Lisosan G (Frassinetti et al. 2012 ). The present findings also corroborate well with the reports of Udayprakash et al. (2015) where the methanolic extract of Cinnamomum iners containing fatty acids as the major component along with phenols and polyphenols exhibited significant antioxidant ability (Udayaprakash et al. 2015) . Hence, leaf extract of S. jambos and T. citrina might serve as a potential source of exogenous antioxidants to combat the toxicity generated by the free radicals and to maintain a balance between ROS generation and cellular defense mechanism.
Conclusion
The present work revealed significant antioxidant activity of S. jambos and T. citrina against the H 2 O 2 induced oxidative stress in S. cerevisiae mutant strains, deficient in antioxidant defense system. The findings suggested that the plant extracts may be exploited for the development of effective antioxidant to resist oxidative stress and maintain the cellular redox balance. Hence, the plant extract serve as promising alternative to their synthetic antioxidants. Yamauchi (1997) 
